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Introduction
Physiological specialization can be defined as variation in virulence specific to particular host genotypes. Its occurrence is commonly established by the presence of a significant isolate race by host individual interaction (Vanderplank 1963; Clifford and Clothier 1974; Scott et al. 1978) . This specificity has been frequently demonstrated for obligate parasites, but seems to be very uncommon for saprophytes. Wood decaying fungi are generally considered to be physiologically unspecialized when compared with obligate parasites such as rusts (Uredinales), which have commonly been found to be highly specific. However, even as far back as Schmitz (1925) , there have been indications that wood decayers, such as the ubiquitous Fomitopsis pinicola (Schwartz : Fr.) Karst., show physiological specialization.
Heterobasidion annosum (Fr.) Bref. (=Fomes annosus (Fr.) Karst.) and other root and butt rotting fungi of forest trees are saprophytic, but, as pointed out by Worral et al. (1983) , they have been described as "obligately symbiotic" in the sense of being obligately parasitic (Cooke 1977, p. 171) . von Weissenberg (1978) and Raabe (1982) comment, respectively, on the genetic control of resistance to and virulence of H. annosum; after citing reports for and against, the authors support the notions of high genetic variability of host resistance to and virulence of this pathogen. Platt et al. (1965) studied the wood decaying abilities of 26 isolates of H. annosum (16 tissue isolates and 10 basidiospore isolates of a single basidiocarp) from eight conifer species. They found strong differences in decay ability for both tissue and basidiospore isolates. The eight conifer species tested also showed great differences in decay resistance. In the analysis of variance, the unspecified higher order interactions were significant, indicating that isolates did not maintain an even ranking in decay ability toward the different host species. This was an indication of specialization by H. annosum isolates toward different host species. However, because the isolates from particular host species were not more virulent or aggressive on those species, Platt et al. (1965) suggested that isolates of H. annosum were not host species specific in ability to cause decay.
In seedling inoculation experiments with H. annosum on several conifer species, "variations due to host, isolate, and interaction of host and isolate were significant at the 1 % level" (Kuhlman 1970) . When seedlings of two conifer species were stem inoculated with several Califomia isolates of H. annosum, there was a significant differential interaction between isolate groups (fir isolates and pine isolates) and host species (Worral et al. 1983) .
As for specificity toward particular individuals of the same host species, Kaufman et al. (1980) found that the growth of H. annosum in inoculated stems of Norway spruce (Picea abies Karst.) differed greatly between trees, but there was no sign of a tree-isolate differential interaction. Thus, there was no evidence of host-intraspecific physiological specialization.
The question asked in this study was "Do Pacific west coast isolates of H. annosum exhibit host-interspecific and hostintraspecific physiological specialization?" If geographical isolates of H. annosum can be distinguished by tests against various host trees of different and the same species, then interspecific and intraspecific physiological specialization, respectively exist.
The objectives of this study were (i) to estimate the variability in resistance to and virulence of isolates of H. annosum; (ii) to quantify whether the pathogen or host contributes more to variability in their interaction; and (iii) to search for physiological specialization in this pathosystem at the host-interspecific and host-intraspecific levels.
Materials and methods

Experimental design and analysis
In a small trial test of six conifer species inoculated with six H. annosum isolates from the Pacific Northwest, the results suggested that host specialization may exist in H. annosum. Some isolates were more aggressive on some hosts than other isolates, yet less aggressive on other hosts. Based on results from the trial test, a completely randomized factorial experiment was set up with eight isolates inoculated onto eight trees belonging to five conifer species to test for hostinterspecific physiological specialization. The geographic origins of the trees and isolates are presented in Another analysis was performed to examine intraspecific physiological specialization, using western Washington isolates on western hemlock (Tsuga heterophylla) from western Washington. Four western hemlock trees were selected for this test. A total of five isolates were used, three from live western hemlock trees, and one each from a live western red cedar ( n u j a plicata) and a live grand fir (Abies grandis (Douglas ex D. Don) Lindley) tree. The data used in this analysis were a subset of the data from the full eight host by eight isolate experiment. Both analyses were decided upon prior to the experiment.
The data were subjected to analysis of variance using SPSS-PC+ (TM), Expected mean square values were calulated and-variance was proportioned. The incubation period, which varied from 14 to 21 days, was used as a covariate in the analysis of variance.
Inoculum preparation
Heterobasidion annosum inoculum plugs of 0.3 cm in diameter were placed in 2 % malt agar (MA) Petri plates (20 mL of 2 % malt + 2% agar). All cultures were grown at 25°C for 1 week. A plug of 0.3 cm in diameter was then removed from the outer margin of the growing mycelium and placed into test tube slants. Slants were made in test tubes of 1 cm diameter by 10 cm length, one-quarter were filled with 5 mL 2% MA, autoclaved, and allowed to set at a 20° angle. The inoculated slants were allowed to incubate at 25°C for up to 1 week, and then used immediately for inoculation.
Host preparation
Small live branches of 1.0 to 1.5 cm diameter were cut from the lower portions of host trees. The branches were brought back to the laboratory and placed in a cold chamber at 4°C for a maximum of 1 week prior to use. They were then lightly scrubbed and rinsed in distilled water. The branches were cut to disks of approximately 0.7 cm thickness with pruning shears that were sterilized every fifth cut with 70% ethanol. Eight branches per tree were sampled and each branch was cut up into 40 disks.
Disk inoculation
From the 40 disks of each branch, sets of 5 were randomly chosen and placed into Petri plates layered at the bottom with Whatman No. 1 filter paper. Sterile distilled water (5 mL) was added to each Petri plate. Three millilitres of sterile distilled water was poured into each inoculum slant tube, and the tubes were vortex mixed with a VortexGenie at low speed for 5 s to liberate conidia. Haemocytometer counts were done on all inoculum tubes for propagules (conidia and hyphal fragments) and all concentrations were adjusted to between 1 x lo3 and 1 x lo4 propaguleslml. One inoculum droplet of 0.02 mL was micropipetted onto a disk using only one isolate per Petri plate of five disks. The plates were then randomly placed into a 25°C incubator.
During each round of inoculation, spores were plated to determine inoculum viability as follows: 1 mL sterile distilled water was placed on 2 % MA in 9 cm plates, followed by a 0.02 rnL droplet of inoculum, which was mixed and dispersed over the plate with a sterile glass rod. After 1 week of incubation at 2S°C, these plates were examined for colonies of H. annosum. All inoculum suspensions were found to be viable.
Conidiophore production
After 2 to 3 weeks of incubation at 2S°C, the disks were examined under a light microscope at x 40 magnification using an external incident light source. Three counts of conidiophores were made randomly over each disk with enumeration of all conidiophores in the x 40 field during each count. The mean of these three counts of conidiophores per squared millimetre disk surface was used as the observational unit.
Results
Mean conidiophore production ranged from 0 to 449 conidiophores/mm2 on the different trees, and from 170 to 427/mmz for the eight isolates (Table 1) . Bark was excluded during counts of conidiophores because hyphal clumping and densely compacted conidiophores on the bark did not allow accurate counts.
Four trees showed low resistance to conidiophore production on their branch disks: Pinus ponderosa, Pseudotsuga menziesii, and two Tsuga heterophylla from Raymond and the Thompson Research Site; three trees showed moderate resistance: Picea abies and two T. heterophylla from Clallam Bay and Orting. The disks of 7;huja plicata had almost no conidiophores (Table 1) .
As a group, the isolates from California were more aggressive (352 conidiophores/rnrn2) than those from Washington (280 conidiophores/mm2) on branch disks of the tested hosts. Isolates from particular host species did not seem to be more aggressive on those species than on other species, with two possible exceptions. Isolate 184 from western hemlock was highly productive on T. heterophylla from the Thompson Research Site. This isolate was from Clallam Bay, and it also did better on the T. heterophylla from that location than any other isolate. Pine isolate 38 from California sporulated profusely on disks of P. ponderosa and less so on disks of all other hosts tested. In this pine host by pine isolate combination, disks were nearly totally covered by conidiophores and hyphae, in contrast to the frequent bare patches on the disks of other host-isolate combinations.
The analysis of variance of conidiophore production for host-interspecific physiological specialization is presented in Table 2 . The significant F-value for the tree-isolate interaction term in Table 2 indicates that there is interspecific physiological specialization of H. annosum on at least one tree tested.
The components of variance in Table 2 show that much of the variance in conidiophore production was attributable to tree. Of the explained variance (i.e., nonerror variance), 53 % came from tree. Of the remaining explained variance, almost twice as much was from the tree-isolate interaction term (31 %), as from isolate (16%). Table 3 presents the analysis of variance for physiological specialization on western hemlock. This analysis also involves the data used in the interspecific analysis, but both analyses were conceived prior to the experiment. Conidiophore production rates for the intraspecific test can be found in the top left quarter of Table 1 with the five Washington isolates and the four western hemlock T. heterophylla trees. As found with the interspecific analysis (Table 2) , isolate accounted for the smallest portion of the explained variance, and tree accounted for the largest (Table 3) . For a more accurate analysis, branch effects were also computed in the intraspecific analysis (Table 3 ). The term branch-within-tree accounted for differences in vigor among the different branches of each western hemlock tree, and gave an indication of variability within single trees. The large component of variance explained by branch-within-tree (Table 3) indicated that there were large differences between branches of single western hemlock trees. At the time of collection, there were noticeable differences between branches of single trees with respect to shading, lichen overgrowth, and amount of foliage.
The significant tree-isolate interaction term in Table 3 indicates that physiological specialization exists, in terms of specific virulence or specific resistance, between at least one isolate and one western hemlock host. Shaw 1981; and many others). The use of stem cross sections also has many precedents (Rishbeth and Meredith 1957; Stambaugh et al. 1962; Boyce 1963a; Sinclair 1964; Reynolds and Wallis 1966; Momson and Johnson 1970; Russell et al. 1973; Shaw 1981; Redfern 1982; James and Cobb 1984) . The ability of H. annosum and other wood-decaying fungi to colonize substrates ranging from freshly cut wood to decayed wood has been discussed by Gramss (1985) . Rishbeth (1959) stated that freshly cut unsterilized wood sections composed of "dead and living tissues . . . is highly selective for F. annosus
Conidiophore production has seldom been used in growth studies of H. annosum. It has, however, been used previously to study the effects of COz concentrations on growth of H. annosum, where it was found that deficient oxygen conditions inhibit sporulation (Courtois 1972; Hintikka and Korhonen 1970) . Distinct isolate differences were lacking with respect to sporulation which was found to vary with available carbon concentration on artificial media (Courtois 1972) .
The production of conidiophores on disk tissue is an indication of tissue rather than whole-tree susceptibility, particularly in comparisons between different tree species. The fact that western red cedar disks produced no conidiophores in this experiment, as shown in Table 1 , does not mean that western red cedar trees are immune from the root and butt rot caused by this pathogen on whole trees. In many agricultural diseases, Discussion tissue susceptibility does not correlate highly with whole-host Many previous studies of H. annosum virulence have used susceptibility. For instance, resistant plants may demonstrate conidia as inoculum (Boyce 1963b; Driver and Ginns 1969;  the hypersensitive response of host cell death upon pathogen penetration: the attacked tissues die, sealing off the pathogen, while the whole plant remains alive (Muller 1956; Tomiyama 1983) . Furthermore, with western red cedar, there may be a succession of fungi with the first ones detoxifying certain chemicals inhibitory to later ones (Jin et al. 1988) . Delatour (1982) has raised the following question: "what is really being measured in inoculation tests with H. annosum?" He inoculated 25-year-old trees by inserting plugs of inoculum into boreholes and suggested that the subsequent growth of the pathogen was greatly altered by the response of the host to the experimental wounding and thus the measured virulence was an artifact of the experiment. The objective of our study was not to assess how much damage is caused by H. annosum on its intact conifer hosts (which would be better answered by field studies), but rather to find the unencumbered range of variation of H. annosum in its ability to exploit freshly cut woody host tissue. In managed plantations, freshly cut or injured tissue from silvicultural operations are likely to be the major infection courts of H. annosum.
In the interspecific test of eight trees by eight isolates (Table  l) , tree accounted for most of the explained variance (Table 2) . This was not surprising, since the eight hosts were of five different conifer genera while the isolates were of the same taxonomic species. Furthermore, the incubation conditions of the isolates were controlled while the growth environments of the trees were variable and uncontrolled.
The interaction term, tree-isolate, was the next highest source of explained variance, almost twice as much as the variance from isolate (Table 2 ). This significant differential interaction indicated that American west coast isolates of H. annosum can show host specialization. This is in agreement with the work of Korhonen (1978) in Finland and Worral et al. (1983) in California, who demonstrated that H. annosum can exhibit host-interspecific physiological specialization.
The eight isolates used in this experiment were derived from live hosts, or thought to have caused host mortality in isolations from dead hosts. Pine isolate 38 from California showed highly distinctive differences for conidiophore production on the disks of the different conifer species. California isolates of H. annosum have been found previously to be host specialized , and these host-specialized groupings isozymatically distinct (Ostrosina 1985 (Ostrosina , 1986 .
For all host species except western hemlock, there was inadequate representation in this experiment to make definite conclusions about their relative resistance. It was not an objective of this experiment to determine a susceptibility ranking for the different host species, but rather to see if their woody tissue would react differently to different pathogen isolates. Indeed the reactions to the different pathogen isolates were variable enough to cause a significant tree-isolate differential interaction (Table 2) , indicative of physiological specialization (Vanderplank 1963; Scott et al. 1978) .
To test for intraspecific physiological specialization, four western hemlock trees were inoculated with five isolates (three from live western hemlock, and one each from a live western red cedar and a live grand fir). The analysis of variance (Table 3) had the same patterns as the interspecific analysis (Table 2) . Tree again accounted for the largest part of the explained variance (66 % including branches-within-tree). Isolate accounted for 13% of the explained variance, and had an F-value that was barely insignificant at P = 0.052. However, the significant tree -isolate interaction term, contributing to over 2 1 % of the explained variance, indicated that physiological specialization exists in this system. This is an interesting finding, because host-intraspecific physiological specialization has been very seldom demonstrated in natural pathosystems.
There is a large body of theory concerning the genetics of host -parasite interactions. The theories have been developed for the most part based on agricultural pathosystems. These agricultural systems are necessarily highly artificial because the host plant and thereby also their obligate parasites have been subjected to human selection for centuries. There is a distinct lack of studies examining the structure of interactions in natural pathosystems (see Hsiang and van der Kamp, 1985; and references within) .
Hsiang and van der Kamp (1985) were unable to demonstrate any physiological specialization in the natural pathosystem of Melampsora occidentalis Jacks. on Populus trichocarpa Tom. & Gray. Using similar techniques, Prakash and Thielges (1987) , however, were able to point out the existence of races of Melampsora medusae Thum. in natural stands of Populus deltoides Bartr. Clarke et al. (1987) described the interactions between groundsel (Senecio vulgaris L.) and the powdery mildew (Erysiphe fischeri Blum.). They found a differential interaction indicative of specific resistancevirulence.
If one applies agricultural theories of host-parasite genetics, the presence of physiological specialization in the H. annosum -T. heterophylla pathosystem indicates that breeding for a single highly resistant T. heterophylla may be of dubious value; the potential specificity of the pathogen and the nongeneral resistance of the host could lead to a failure of resistance in this perennial crop. In addition to the practical interpretation of this result, very few previous studies have found intraspecific physiological specialization in natural pathosystems.
General theories of host-parasite genetics assert that true
